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During the process of mesoderm specification in Xenopus embryos, cells of the equatorial region are induced to form
esoderm in response to signals from the underlying endodermal cells. One mesodermal cell type resulting from this in
ivo induction is skeletal muscle, which has a very specific and tightly regulated course of electrical and morphological
evelopment. Previously, electrical development could be analyzed only after neurulation, once myocytes could be
orphologically identified. In vitro, activin triggers a cascade of events leading to the development of specific mesodermal
issues, including skeletal muscle; however, the precise role of activin in vivo is less clear. Much is now known about the
echanism and control of activin action, but very little is known about the subsequent time course of differentiation of
ctivin-induced muscle. Such muscle is routinely identified by the presence of a small number of specific markers which,
lthough they accurately confirm the presence of muscle, give little indication of the time course or quantitative aspects of
uscle development. One of the most important functional aspects of muscle development is the acquisition of the
omplex electrical properties which allow it to function normally. Here we assess the ability of activin to drive in vitro the
normal highly regulated sequence of electrical development in skeletal muscle. We find that in most, but not all, respects
the normal time course of development of voltage-gated ion currents is well reproduced in activin-induced muscle. This
characterization strengthens the case for activin as an agent capable of inducing the detailed developmental program of
muscle and now allows for analysis of the regulation of electrical development prior to neurulation. © 1999 Academic Press
Key Words: induction; activin; muscle; myocyte; differentiation; Xenopus; ion channel; voltage-gated; in vitro.1
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During the process of mesoderm specification in Xeno-
pus, cells of the equatorial zone are induced to form
esoderm in response to signals from the underlying
ndodermal cells (reviewed in Kimelman et al., 1992;
Smith, 1995). The mechanism and control of this induction
has been the subject of much study and a number of
molecules potentially involved have been identified. Ac-
tivin, a member of the TGFb family, has proved to be a
particularly potent inducing agent in vitro. Activin is
present in the embryo (Asashima et al., 1991; Thomsen et
al., 1990) and can induce animal cap cells in vitro to form
different mesodermal cell types in a dose-dependent man-
ner (Green et al., 1992, 1994; Green and Smith, 1990;
Wilson and Melton, 1994). Skeletal muscle is one of the
dorsal mesodermal cell types generated by such in vitro
inductions, both by activin (Green and Smith, 1990; Smith,
1995; Thomsen et al., 1990) and by FGF (Godsave and
hiurba, 1992; Godsave and Slack, 1989, 1991), another
rowth factor. Much is known about the thresholds for
esponse to activin in vitro (Green et al., 1992, 1994; Green l
40and Smith, 1990; Wilson and Melton, 1994), the mode of
action of activin (Graff et al., 1996; New et al., 1997; Dyson
and Gurdon, 1998), and the requirements for cell contact
(Green et al., 1994; Wilson and Melton, 1994; Symes et al.,
988) in generating mesodermal tissues, including muscle.
owever, relatively little is known about the subsequent
ifferentiation of the resulting muscle. It is less clear, for
xample, whether such muscle possesses normal physiolog-
cal properties or whether its development in general pro-
eeds along a normal time course.
Despite the effectiveness of activin in inducing muscle in
itro the precise contribution of activin in mesodermal
nduction in vivo remains unclear. Indeed, overexpressing
he activin binding protein follistatin, which blocks activin
nd BMP4 signaling but not Vg1 signaling, does not block
orsal mesoderm formation (Kessler and Melton, 1995),
rguing against a major role for activin in dorsal mesoderm
nduction in vivo. On the other hand, blocking activin
ignaling in vivo, using a truncated activin type II receptor,
ill delay, but does not appear to completely block, meso-
erm formation (Dyson and Gurdon, 1997). It is also quite
ikely that activin in vitro mimics the effects of a different
0012-1606/99 $30.00
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41Ion Channels in Induced Muscleendogenous TGFb ligand such as Vg1 or the nodal-related
genes in vivo. Overexpression of Vg1 causes effects similar
to those of activin (Kessler and Melton, 1995) and inhibition
of Vg1 signaling results in a loss of notochord and muscle
(Joseph and Melton, 1998). Ectopic expression of the nodal-
related genes Xnr-1 and Xnr-2 induces genes similar to
those induced by activin, and genetic mutants in zebrafish
indicate that these genes are required for dorsal mesoderm
formation (Jones et al., 1995; Feldman et al., 1998). Given
he potential complex and different inductive signals re-
eived by cells induced in vivo, it is not clear how well
uscle induced by activin alone in vitro reproduces the
ormal developmental program of muscle formed in vivo.
n previous work, analysis of the time course of develop-
ent of muscle induced in vitro by activin has been largely
imited to detecting the presence or absence of muscle.
keletal muscle generated after such in vitro inductions is
outinely detected by the expression of a small number of
uscle-specific RNAs and proteins, namely by the presence
r absence of one or two of the following four markers:
xpression of MyoD, cardiac actin, or muscle actin or
ositive staining with the antibody 12/101, a muscle-
pecific antibody (Cornell and Kimelman, 1994; Cornell et
l., 1995; Green et al., 1992, 1994; Wilson and Melton,
994). Although these markers accurately confirm the pres-
nce of muscle they give little indication of the time course
r quantitative aspects of muscle development.
The major functional characteristics of muscle are its
ontractile and electrical properties which are regulated in
reat part by the voltage-gated ion channels present in the
uscle membrane. The proportions, properties, and densi-
ies of different channel types expressed in the membrane
ontrol the physiological function of the cell. During nor-
al development these channels are expressed in a com-
lex, dynamic temporal pattern which begins prior to
nnervation and is tightly regulated throughout develop-
ent (Henderson and Spitzer, 1986; Ribera and Spitzer,
991; Spruce and Moody, 1992), even in the absence of
nnervation. The exact time course of development of
hannels is also important in governing later developmen-
al events (Dallman et al., 1998; Linsdell and Moody, 1994,
995). Therefore, one would expect the time course of
evelopment of the ion currents to be a sensitive indicator
f the normalcy of development of muscle induced in vitro.
owever, the electrical development of in vitro-induced
uscle has not previously been assessed.
We have previously defined, at high temporal resolution,
he endogenous program of expression of voltage-gated
urrents in early Xenopus myocytes (Linsdell and Moody,
994, 1995; Spruce and Moody, 1992). In this paper we
ake use of this characteristic sequences of channel expres-
ion to test whether exposure to activin alone in vitro is
ufficient to drive the differentiation of normal electrical
roperties of muscle over a normal time course. We de-
cribe a detailed time course for development of these
nduced muscles and characterize their electrical proper-
ies. We find that in most, but not all, respects the normal
Copyright © 1999 by Academic Press. All rightime course of development of voltage-gated ion currents is
ell reproduced in activin-induced muscle.
Voltage-gated ion channels regulate electrical activity at
he earliest stages of development, even prior to innerva-
ion. At these stages activity takes the form of spontaneous
ctivity, regulated by the endogenous program of ion chan-
el expression. This spontaneous activity plays an impor-
ant role in the later development of muscle electrical
roperties. If activity is disrupted after neurulation, by
xposure to pharmacological channel blockers, subsequent
lectrical development is disrupted (Linsdell and Moody,
995). Significantly, cells also display an ability to regulate
or disruptions to electrical activity at even earlier stages.
uring normal development myocytes express K currents
rst followed by Na currents, maintaining an early state of
lectrical inactivity. If this sequence is reversed (by inject-
ng cRNA for Na channels into the fertilized egg), forcing
xpression of Na currents early, then myocytes will upregu-
ate their K channel expression at a time at which they
ould not normally express it (Linsdell and Moody, 1994),
esulting in reduction of Na-driven activity. This capability
f myocytes, even at the earliest stages of development, to
egulate channel expression is intriguing and points to a
evelopmental role for the regulation of activity at these
tages. However, the control of this regulation could not
reviously be investigated as it is already complete by
eurulation, the earliest stage at which myocytes could
reviously be identified. Now that we have shown that
nduction in vitro drives an essentially normal program of
uscle development, and by utilizing two of the major
eatures of in vitro induction by activin, the dose-dependent
ction and the short exposure time required for induction to
ake place, in vitro induction offers a new tool to enable
nvestigation of the control and regulation of channel
xpression at stages prior to neurulation, from the moment
f induction onward.
MATERIALS AND METHODS
Induction protocol. Fertilization of Xenopus laevis eggs was
performed as described previously (Linsdell and Moody 1994).
Briefly, mature eggs were fertilized in vitro, dejellied in a 2%
cysteine solution, and then cultured in 10% modified Barths
solution (8.8 mM NaCl, 0.1 mM KCl, 0.24 mM NaHCO3, 0.082
M MgSO4, 0.033 mM Ca(NO3)2, 0.041 mM CaCl2, 1 mM Hepes,
H 7.4). Embryos were cultured at room temperature (22–24°C) and
taged according to Nieuwkoop and Faber (1967). Animal caps were
issected from stage 8–9 blastulae in Danilchik’s medium (Keller
t al., 1985): 53 mM NaCl, 27 mM Na isethionate, 15 mM
aHCO3, 4.5 mM K gluconate, 1 mM MgSO4, 1 mM CaCl2, pH 8.3.
They were then placed in calcium/magnesium-free saline for
30–40 min. Internal cells were scraped off, sucked up in a micropi-
pette, and plated out as groups of single cells into small volumes
(160 ml) of the induction medium in small wells stuck onto the
ottom of a 35-mm culture petri dish. Induction medium consisted
f Danilchik’s with bovine serum albumin (BSA) (200 mg/ml) and
recombinant human activin A at a concentration of 0.625 ng/ml.
Cells were left in the induction medium from 2 h to overnight and
then washed with Danilchik’s without BSA or activin. The rest of
s of reproduction in any form reserved.
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42 Currie and Moodythe culture dish was then filled with Danilchik’s, the wells were
removed, and the dish was agitated mildly to further wash the cells.
Cells were washed with fresh Danilchik’s at room temperature
daily and immediately prior to recording. In the absence of activin,
control cultures of animal cap cells produced two ectodermal
derivatives which were not seen in activin-exposed cultures; epi-
dermal cells, which developed beating cilia on their surfaces, and a
small number of neurons, which were easily recognizable by their
characteristic morphology of a cell body with long neurite pro-
cesses and growth cones at the end (data not shown). Control
cultures also contained an additional cell type with morphology
similar to a cell type which also occurred in activin-treated
cultures (see below).
For the purposes of this study normal myocytes are defined from
our previous work (Linsdell and Moody, 1995) as myocytes which
are induced normally in the developing embryo and are then
dissected out of the neurula-stage embryo and allowed to complete
their program of differentiation in culture. Data for these normal
muscles presented here come from our previous work (Linsdell and
Moody, 1995).
Timing. Embryos were cultured at room temperature (22–
24°C) and were timed from fertilization. Stage 8 occurs at about 8 h
after fertilization (F18), stage 15 at F116 h. All ages of muscle cells
are given as hours from fertilization. The timing of data points from
previous work (Linsdell and Moody, 1995) has been converted to
this same scale for Figs. 4 and 5.
Recording protocol. All recordings were made using the
whole-cell patch-clamp technique (Hamill et al., 1981) at room
temperature (22–24°C). Electrodes were pulled from glass hemato-
crit capillaries using a two-stage puller (Narishige, Japan) and had
resistances of 2–4 MV when filled with recording solution. Cur-
rents were recorded using a Dagan 8900 patch-clamp amplifier,
filtered at 1 kHz using an eight-pole bessel filter and digitized at
2–33 kHz using pCLAMP software (Axon Instruments, Foster City,
CA). Voltage errors due to series resistance were compensated
electronically. For recordings the external solution was Danilchik’s
medium (see above) and the pipette solution contained K aspartate
80 mM, KCl 10 mM, NaCl 10 mM, MgCl2 2 mM, EGTA 2 mM,
glucose 3 mM, theophylline 2 mM, Mg ATP 2 mM, cAMP 0.1 mM,
and Hepes 10 mM, pH 7.4. For calcium current recordings the
extracellular solution was replaced with one containing NaCl 120
mM, KCl 5 mM, BaCl2 10 mM, MgCl2 2 mM, Hepes 10 mM, and
TX 1 mM, pH 7.4, prior to recording. Potassium in the pipette was
eplaced with cesium to block potassium currents.
Data analysis. Identification and measurement of the different
oltage-gated currents was as described previously (Linsdell and
oody, 1995; Spruce and Moody, 1992) except where described
elow. Linear leak currents were subtracted. Mean values are given
s means 6 SEM. Current density was calculated by dividing the
hole-cell current (pA) by the cell capacitance (pF) calculated from
triangular wave given to the cell. For IK the current was measured
as the current expressed at 122 mV and at 75–80 ms after the
voltage step. IIR was measured as the maximum inward current at
750–800 ms and INa as the maximal inward current.
Immunohistochemistry. Cell cultures were fixed for 30 min to
1 h in 4% paraformaldehyde in phosphate-buffered saline (PBS).
They were then washed for 1 h with at least four changes of PBS
with 0.3% Triton X (PBS-TX) and then washed in 5% normal goat
serum in PBS-TX to block nonspecific binding. Cultures were
subsequently washed briefly in PBS-TX and placed in primary
antibody overnight at 4°C. The primary antibodies used in this
study were 12/101, a muscle-specific antibody (Kintner and
Brockes, 1984) which is thought to recognize a membrane protein
Copyright © 1999 by Academic Press. All rightof the sarcoplasmic reticulum in newt muscle (Griffin et al., 1987);
MF20, which recognizes light meromyosin (Bader et al., 1982); and
MZ15, an anti-keratan sulfate antibody which recognizes noto-
chord cells (Smith and Watt, 1985). After incubation in primary
antibody, cells were washed for 1 h with four changes of PBS-TX
and then exposed to the secondary antibody for 1 h at room
temperature. Secondary antibodies used were fluorescein- or
peroxidase-conjugated goat anti-mouse (The Jackson Laboratory).
For fluorescence staining cells were then washed and mounted in
90% glycerol. For phalloidin staining after fixation and washing the
cells were incubated in a solution of rhodamine-conjugated phal-
loidin (10 U/ml) (Molecular Probes, Eugene, OR) and then washed
in PBS-TX, rinsed in PBS, and mounted in glycerol. For double
stainings phalloidin staining was performed as the last step before
mounting. For permanent preparations cells were washed for 1 h
after incubation in the peroxidase-conjugated secondary and then
the peroxidase label was revealed in a reaction medium consisting
of PBS-TX diaminobenzidine, nickel chloride, and hydrogen perox-
ide under a dissecting microscope to determine the end point. The
reaction was stopped by replacing the reaction medium with 30%
ethanol. The preparations were then dehydrated, cleared in cedar-
wood oil, and mounted in DPX (Fluka). Specimens were examined
on a Zeiss microscope with Nomarski optics or on a Bio-Rad
confocal microscope.
RESULTS
Morphological Development of Cells Induced by
Activin
To establish cultures we dissociated animal caps to single
cells prior to exposure to activin. This was done in order to
generate cultures which contained induced single cells,
which did not contact other cells, for electrophysiological
recordings. Developing muscle cells which contact one
another in vivo and in vitro are electrically coupled by gap
junctions, making accurate recording of ion-channel prop-
erties impossible. After exposure to activin the majority of
cells go through a characteristic sequence of behaviors
called circus movements (Fig. 1A), extending lobopodia and
migrating small distances laterally. Cells which contact
one another during this process often adhere to form
clumps (data not shown). Animal cap cells exposed to
activin can then differentiate into a number of cell types.
For the purposes of this study we needed to confirm that we
could identify the muscle cells and that they underwent the
normal program of morphological development to form
bipolar, striated cells.
At the concentration of activin used here animal cap cells
differentiated into one of three cell types: muscle, noto-
chord, and another, unidentified cell type. Each of these cell
types was distinct and could be identified either with the
appropriate antibody or by morphology. Notochord was
identified by staining with the antibody MZ15, which
recognizes kertan sulfate (Zanetti et al., 1985) that is
produced by notochord cells (Smith and Watt, 1985), and
tended to occur in association with clumps of muscle cells.
The unidentified cell type did not stain with either MZ15 or
12/101 (a muscle-specific antibody). This unidentified cell
type could be mesenchyme or mesothelium (Godsave and
s of reproduction in any form reserved.
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43Ion Channels in Induced MuscleShiurba, 1992; Godsave and Slack, 1991; Green and Smith,
1990) for which no cell-type-specific markers are available.
It is also possible that these cells are cells which were not
successfully induced to form mesoderm by the activin
treatment. Cells with a similar morphology are also some-
times seen in control cultures that have not been exposed to
activin. Despite their unknown identity, cells of this type
are readily distinguishable from muscle cells by morphol-
ogy and tend to form flat sheets with a close packed and
ordered array (Fig. 1B). Unlike muscle cells, they do not
become bipolar with time, remaining more cuboidal in
outline with far less actin in their cytoskeleton, as revealed
by staining with phalloidin (Fig. 1C).
After circus movements, individual myocytes, which have
yolk granules throughout their cytoplasm, adhere more firmly
to the bottom of the dish and by 24 h after fertilization (F124
, 16 h after induction) have begun to acquire their character-
stic bipolar shape. As is the case for myocytes dissected out of
eurula-stage embryos (Henderson and Spitzer, 1986; Spruce
nd Moody, 1992), cells extend at both ends (Fig. 2A), with
amellapodia at the tip, and become increasingly bipolar (Fig.
B). At this stage the myocytes are still tubular in cross
ection and some will respond to pulses of high potassium
FIG. 1. Morphological development in induced cultures. (A) Afte
lobopodia (arrows) which progress around the circumference of the
to 1.25 ng/ml activin) forms characteristic sheets of regularly arrang
(C) At F140 h staining with phalloidin reveals cytoskeletal differenc
the muscle cells (m) have adopted their characteristic bipolar shape
contractile apparatus. Surviving cells of the unidentified type (u) r
actin (arrowheads). Scale bars: A and B, 100 mm; C, 40 mm.
IG. 2. Differentiation of induced muscle. (A) Myocyte stained w
re increasingly bipolar. Some myocytes do not adhere well to the
stained with 12/101) have differentiated further and now have addi
ars: A and B, 100 mm; C, 50 mm.ith small contractions. Over the next 48 h they continue to
Copyright © 1999 by Academic Press. All rightxtend at their ends, flatten out, and spread laterally, devel-
ping small localized adhesion points periodically along their
ength (Fig. 2C). By F148 h they have spread more extensively,
ave used up most of the yolk granules that were present at
arlier stages, and have birefringence when viewed in polar-
zed light, indicating the development of the contractile appa-
atus. This morphological development is very close to that of
ormal muscle.
Some of the myocytes, although they attach to the substrate
nd differentiate, remain spherical and do not elongate. A
imilar phenomenon is seen in the culture of normal myo-
ytes from neurula or older stage embryos (Chow and Poo,
985). Although these spherical myocytes do not have the
ame morphological appearance as the other induced muscle
ells they still express the muscle-specific antigens 12/101
Fig. 2B) and MF20 and, as is described below, the electrical
evelopment of these cells also appears to be similar to that of
he bipolar induced muscle.
In Vitro-Induced Muscle Expresses the Same
Voltage-Gated Ionic Currents as Normal Muscle
To see whether activin-induced muscle displays the same
osure to activin many cells perform circus movements, extending
. (B) At F124 h unidentified cell type (here generated by exposure
lls. Arrowheads indicate two adjacent cells at the edge of the sheet.
tween the unidentified cell type and the muscle cells. By this stage
re packed with actin filaments which are part of the differentiating
n more cuboidal in outline and have only small localized areas of
uscle-specific antibody 12/101 at F126 h. (B) By F136 h myocytes
trate and remain more spherical (arrows). (C) By F148 h myocytes
l, small localized adhesion points along their length (arrows). Scaler exp
cell
ed ce
es be
and a
emai
ith m
subs
tionaphysiological properties as normal muscle, we determined
s of reproduction in any form reserved.
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44 Currie and Moodywhether induced, differentiated muscle at F148 h expresses
the same complement of voltage-gated currents found in
normal muscle at this stage. Normal muscles at this stage
express five voltage-gated channels (Linsdell and Moody,
1995; Spruce and Moody, 1992): delayed and A-type out-
ward K currents, an inwardly rectifying K current, an
inward Na current, and a sustained, dihydropyridine (DHP)-
sensitive, calcium current.
In the in vitro-induced muscle, two voltage-gated out-
ward potassium currents are expressed (Fig. 3C). One hun-
FIG. 3. Voltage-gated ion currents expressed by in vitro-induced
delayed rectifier (IK) and a small inward rectifier (IIR). (B) By F132 h
a rapidly activating an inactivating outward potassium current IA,
currents (ICa). (C) By F148 h IK, IIR, and INa have all increased sig
alcium current. Currents were activated by depolarizing or hype
rom a holding potential of 2100 mV to between 270 and 140 mV
to between 250 and 2130 mV.dred percent of the muscles express a sustained voltage- r
Copyright © 1999 by Academic Press. All rightctivated outward potassium current (IK), which is
ctivated by depolarizations from 2100 mV to potentials
ore positive than 260 mV. There is also a rapidly activat-
ng and inactivating outward potassium current (IA) which
was detected in 90% of the muscles (18/20) at this stage. All
in vitro-induced muscles at F148 h also express an in-
ardly rectifying potassium current (IIR) (Fig. 3C). This
urrent is activated by hyperpolarizing voltage steps from a
olding potential of 250 mV to potentials more negative
han 260 mV. Two depolarization-activated inward cur-
cle at three time points. (A) At F126 h all cells express a small
e two currents have increased in size and in addition cells express
ward sodium (INa), and, in some cases, rapidly activating calcium
ntly in size and a proportion of cells express a slowly activating
rizing voltage steps. Depolarizing voltage pulses (IK, INa, ICa) were
perpolarizing pulses (IIR) were from a holding potential of 250 mVmus
thes
an in
nifica
rpola
. Hyents are expressed by in vitro-induced muscles at F148 h.
s of reproduction in any form reserved.
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45Ion Channels in Induced MuscleThe first of these is a rapidly activating and inactivating
sodium current (INa). Activated by depolarizing steps from
100 mV to potentials more positive than 260 mV, it
ctivates and inactivates over a time course of ,10 ms. The
econd current is a small, slowly activating sustained
nward calcium current (ICa), similar to the DHP-sensitive
current described in adult (Sanchez and Stefani, 1978;
Stanfield, 1977) and normal embryonic muscle (Linsdell
and Moody, 1995; Moody-Corbett et al., 1989; Spruce and
Moody, 1992). This current, which is activated by depolar-
izing steps from a holding potential of 2100 mV to voltages
more positive than 230 mV, occurred in 64% (n 5 11) of the
myocytes. In normal muscles this current occurs in 97% of
muscles (n 5 41) at this stage.
In normal muscle these currents appear in a characteris-
tic sequence. We followed the appearance of currents and
found that the sequence was the same as that for normal
muscle (compare Fig. 3 with Fig. 1 in Linsdell and Moody,
1995). IK and IIR are the first currents acquired (Fig. 3A),
followed by IA, INa, and ICa.
We calculated the densities of three of these currents at
F146 h in in vitro-induced muscle and found that they are
expressed at levels very close to those of normal muscle. IK
is present at 38.7 6 6.4 pA/pF compared with 45.2 6 3.9
A/pF in normal muscle; for IIR the values are 20.6 1 1.9
pA/pF in in vitro-induced muscle and 19.6 1 2.8 pA/pF in
normal muscle and, finally, INa is present at a density of
44.9 1 11.2 pA/pF compared with 42.1 6 5.8 pA/pF in
ormal muscle.
We also recorded from cells in control cultures which
ere not exposed to activin. Such control cultures produced
ifferent ectodermal cell types including neurons and epi-
ermis (see Materials and Methods), both of which are
xcitable (Spitzer, 1994a; Roberts, 1967). At the times
hich we recorded from these cell types (F126 to F131 h)
t was difficult to tell what cell type we were recording from
urely on the basis of morphology and so we can only make
eneral statements about the electrical properties of these
ells. These cells were smaller than muscle cells with a
ean capacitance of 18.4 6 1.7 pF ranging from 9.5 to 48.1
pF. The majority of cells (87%, n 5 32) expressed a small
delayed rectifier IK current. Some cells also expressed an
inward sodium current INa (41%, n 5 32) and a few ex-
ressed a rapidly activating and inactivating IA-type cur-
ent. This is not surprising as dissociated animal caps give
ise to neurons which would possess all of these currents.
owever, none of these cells expressed an inward rectifier
otassium current (n 5 32). This is in sharp contrast to the
ituation in normal muscle in which all cells recorded from
t these stages expressed a significant potassium inward
ectifier current.
Time Course of Development of Currents in the in
Vitro-Induced Muscle
We have previously shown that in myocytes dissected
from neurula-stage embryos the density of each of the five
voltage-gated ion currents described above develops along a
Copyright © 1999 by Academic Press. All rightharacteristic time course between F118 and F146 h as
hey differentiate (see Fig. 4, open symbols, density values
hown here for normal muscle are from Linsdell and
oody, 1995, see also Spruce and Moody, 1992). These
hanging patterns precisely regulate the electrical excitabil-
ty of the myocytes and appear to be critical to the correct
ater development of the electrical properties of these cells
Linsdell and Moody, 1994, 1995).
To assess whether physiological development of in vitro-
nduced muscle is normal at this more refined level of
nalysis we measured the densities of voltage-gated ion
urrents as a function of developmental time from F124 h,
hen we could first identify muscle cells by their charac-
eristic bipolar appearance, to F146 h. We quantified cur-
ent density for IK, IIR, and INa from F124 to F146 h (Fig. 4).
IA is difficult to separate quantitatively from IK and the data
for this current are therefore less quantitative. We have not
measured a full developmental time course of ICa, although
some quantitative differences between normal and in vitro-
induced cells are noted below.
The first striking feature is that despite the gap of many
hours between exposure to activin and the first time point
measured in induced cells at F124 h, induced cells express
IK, IIR, and INa at the same densities as normal muscle (Fig.
) at this time. Similarly, at F146 h, the latest point for
hich we have data in both cell types, induced and normal
ells again express all three currents at very similar densi-
ies (Fig. 4). Between these two times there were some
ifferences in the detailed time courses of the currents in
nduced and normal myocytes and details are given below
or each current.
As in normal muscle, IK is one of the first currents
cquired. By F126 h 100% of both in vitro-induced myo-
ytes and normal myocytes express IK (Fig. 4A). Some
induced myocytes at F126 h can contract slowly when
exposed to high levels of potassium (data not shown); such
contractions first occur at F130 h in controls (Linsdell and
Moody, 1995). IK in induced muscle parallels normal devel-
opment expressing current density levels very similar to
those of normal muscle throughout its monotonic rise in
channel density. Overall the increase in IK density in
induced myocytes is more monotonic than that of normal
myocytes, which exhibit a slight decrease in current den-
sity between F130 and F138 h (Linsdell and Moody, 1995).
IIR appears at the same time as IK. By F126 h all muscle
cells express IIR in addition to IK. Current density for IIR rises
at levels similar to those of normal muscle values for the
first few hours monitored. However, during the period
F130 to F136 h it increases steadily to levels substantially
higher than those of normal muscle cells (Fig. 4B). The
functional implications of this difference are discussed
later. Density then drops back down to levels very close to
normal muscle by F146 h.
A third K current is expressed by some cells at F126 h.
This is the rapidly activating and inactivating potassium
current IA. Although difficult to quantify, IA does develop
along approximately the normal time course in induced
s of reproduction in any form reserved.
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Copyright © 1999 by Academic Press. All rightmuscle (compare Fig. 3 with Linsdell and Moody, 1995, Fig.
1). By F132 IA has increased in size (Fig. 3). In addition, the
proportion of cells expressing IA has increased, as it does in
ormal muscle (Linsdell and Moody, 1995; Spruce and
oody, 1992).
As in normal muscles the expression of INa is more
variable than that of IK or IIR. At F126 h 50% (n 5 24) of the
nduced myocytes recorded from express INa. This is very
imilar to the percentage of normal muscle cells expressing
Na at this stage (41%; n 5 56; Linsdell and Moody, 1995). In
he majority of cases this current is small, ,200 pA;
owever, as in normal muscle, there is a large variation in
he size of INa. The proportion of cells expressing INa
continues to increase through F146 h although, even at this
late stage, not all myocytes express INa. However, the
proportion has increased from 50% (n 5 25) at F126 h to
92% (n 5 24) at F146 h. The levels of INa density are close
to normal muscle levels initially and increase steadily for
the first few hours. This rise parallels that seen in normal
muscles but at slightly lower densities. Because of the
variation of size of INa, however, there is only one time
oint at which this difference is statistically significant
F136 h, Student’s t test, P , 0.05). After this point there is
a sharp rise in density of INa and levels are once again close
o controls.
A Ca current was detected in 33% (n 5 9) muscles at
126 h. In normal muscles this current is acquired by most
ells by F526–28 h. This current is the small, slowly
ctivating and sustained, inward calcium current (ICa) de-
scribed above. By F132 h this current is still detected in
only 27% (n 5 11) of the myocytes, whereas in normal
muscle by this stage it is present in 97% of muscles
(Linsdell and Moody, 1995). By F148 h in induced muscle
the proportion of cells expressing this sustained calcium
current has increased to 64% (n 5 11). The density of this
current was calculated at three time points. At F126, the
density was 0.04 6 0.02 pA/pF, less than the value in
normal muscle of 0.19 6 0.2 pA/pF. This increased to
0.15 6 0.10 pA/pF at F132, less than in normal muscle
(1.6 6 0.05 pA/pF). However, by F148 h the current was
0.16 6 0.05 pA/pF; in normal muscle at a similar stage
current density is still much higher (1.5 6 0.12 pA/pF).
The sustained calcium current was not, however, the
only calcium current detected in induced muscle. In a few
cells recorded from at F132, two additional inward calcium
currents were detected. These currents were both inactivat-
ing; however, they were activated at different voltages. The
first, smaller, current was activated at 230 mV and prob-
ably represents the transient, rapidly activating current
previously described in developing myocytes (Moody-
Corbett et al., 1989; Spruce and Moody, 1992), and it
occurred in 36% (n 5 11) of myocytes. The second current,
which was larger and more slowly inactivating (300 ms vs
30 ms at Imax), was activated between 0 and 110 mV, with
n Imax at 120 mV, and it occurred in 27% (n 5 11) of
yocytes at this stage. These currents were not detectedFIG. 4. Changes in current density in induced cells. (A) Delayed
rectifier, (B) inward rectifier, and (C) sodium current. Each point
represents the mean 6 SEM. Data are from 9–26 cells for each
point. Cells are grouped into 2-h bins relative to fertilization, each
time point on the graph representing data from that hour and the
following hour. Current densities were calculated as described
previously (see Materials and Methods). As development proceeds
the increase in density of the currents expressed in in vitro-induced
myocytes is similar to that of normal myocytes. Data from normal
myocytes dissected from stage 15 embryos come from Linsdell andarlier at F126 h or later at F148 h.
s of reproduction in any form reserved.
d
a
h
I
i
v
b
m
a
a
i
f
e
47Ion Channels in Induced MuscleAs described in the previous section on morphological
development, some myoblasts remain spherical but con-
tinue to differentiate. We recorded from spherical myo-
blasts during a 4-h window at F148 h. There is considerable
variation in the size of these spherical myocytes but the
mean capacitance (56.4 6 9.5 pF) is close to that of normally
eveloping myocytes (63.3 6 2.3 pF). Interestingly, IK, IIR,
nd INa densities in spherical myocytes are each just over
alf of the density in bipolar cells (IK is 56%, IIR is 63%, and
Na is 55%, n 5 7).
Specific Current Properties Also Change during
Development
As a final assay of the development of in vitro-induced
myocytes we looked further at the properties of two of the
currents described above. During normal muscle develop-
ment the activation curve of IK shifts to more negative
potentials with time, whereas the voltage dependence of IIR
does not change (Linsdell and Moody, 1995). Figure 5 shows
that in in vitro-induced muscle, IK and IIR also show these
properties. In induced muscle the voltage dependence of
activation of IK shifts approximately 20 mV negative be-
tween F124 and F148 (Fig. 5A), very close to the shift seen
in normal muscle (normal muscle data from Linsdell and
Moody, 1995). In contrast, IIR shows no such shift (Fig. 5B)
n either case (the data for both IK and IIR in the in
FIG. 5. (A) Voltage/conductance curve for IK in normal and in
vitro-induced muscle; F120 and F146 h for normal muscle). For th
B. Note the negative shift in voltage dependence in both normal an
(B) I/V curve for IIR in normal and in vitro-induced myocytes at tw
or normal muscle). There is no shift in the I/V curve for IIR with de
from the same five in vitro-induced cells were used in both A an
mbryos come from Linsdell and Moody (1995).itro-induced muscle were taken from the same five cells). n
Copyright © 1999 by Academic Press. All rightDISCUSSION
Characterization of Development of in Vitro-
Induced Muscle
This study provides a much clearer indication than has
previously been possible that in vitro induction by activin
produces the normal developmental program in induced
muscle. There are a limited number of markers standardly
used to monitor the success of mesoderm induction in vitro
by activin and other inducing agents such as FGF. For early
evidence of induced mesoderm, prior to muscle differentia-
tion, Xbra and MyoD RNAs are monitored (Cornell and
Kimelman, 1994; Cornell et al., 1995; Green et al., 1992,
1994; LaBonne and Whitman, 1994; Wilson and Melton,
1994). At later stages in vivo (stage 11.5) MyoD RNA
expression is restricted to somitic mesoderm (Hopwood et
al., 1992) and so can then also be used as a marker for
muscle (Cornell and Kimelman, 1994; Cornell et al., 1995).
Only three markers are commonly used at later stages as
evidence for the successful induction of muscle. The first
two are expression of cardiac actin or muscle actin RNA
(Cornell and Kimelman, 1994; Green et al., 1992, 1994),
oth of which are expressed together in embryonic skeletal
uscle (Mohun et al., 1984). The final marker is the
ntibody 12/101 which is skeletal muscle specific (Kintner
nd Brockes, 1984). Although the presence of these markers
dentifies differentiating muscle cells successfully it does
-induced myocytes at two time points (F124 and F148 h for in
vitro-induced muscle values the same cells were used here and in
itro-induced myocytes between the early and the late time points.
e points (F124 and F148 h for induced muscle; F120 and F146 h
pment in either in vitro-induced muscle or normal muscle. Values
For A and B, data from normal myocytes dissected from stage 15vitro
e in
d in v
o tim
velo
d B.ot give much information on the functional development
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48 Currie and Moodyof the muscle. Indeed, even for the actin RNAs the situation
in vivo is more complex than their simple presence or
bsence. The expression of cardiac and muscle actin is
ynamic through development; from stage 14 to stage 26
otal levels of muscle actin mRNA increase over 20-fold
Mohun et al., 1984). Changes in expression of these actins
continue during development so that in the adult they are
not coexpressed; cardiac actin expression is restricted to the
heart and skeletal actin is expressed only in the skeletal
muscles (Mohun et al., 1984). We are not aware of any study
in which this complex developmental pattern of expression
has been analyzed in in vitro-induced muscle. Despite the
fact that activin in vitro is most likely acting to mimic the
nductive signal received from other TGFb family members
in vivo it appears to be sufficient to drive the normal
developmental program in in vitro-induced muscle in quan-
titative detail.
Electrical Development of Induced Muscle
Previous analyses have documented the tight regulation
of ion channel expression in muscle isolated from neurula-
stage embryos and developing in myocyte-only cultures.
This regulation is not surprising given its developmental
importance. Both muscles and neurons exhibit complex
patterns of ion channel expression during development
which are tightly regulated and developmentally important
even prior to functional contact with other cells (Moody,
1996, 1998; Spitzer, 1991, 1994b; Ribera and Spitzer, 1992).
Recent studies using specific misexpression of ion channels
early in development have shown that the precise pattern of
expression at early stages is critical for the normal later
development of other ion channels, neuronal morphology,
transmitter phenotype, and synaptic contacts (Jones and
Ribera, 1994; Linsdell and Moody, 1994; Moody, 1998).
Disruption of the normal order of expression of currents can
significantly compromise the later development of the
muscle cells (Linsdell and Moody, 1994; Dallman et al.,
1998). The regulation of voltage-gated ion channel expres-
sion can therefore be used as a sensitive indicator of the
muscle developmental program. Our results demonstrate
that the pattern of ion channel expression is largely main-
tained even in cells which are dissociated at blastula stage
and induced in vitro with activin. Exposure to this inducing
agent at the appropriate concentration triggers a program of
events which first specifies mesoderm and subsequently
leads to the initiation of a complex sequence of develop-
mental events giving rise to muscle. What is striking here is
not only that muscle is formed but also that the time course
of this developmental program is very close to that of
normal muscle even at the refined level of the changes in
density of the voltage-gated ion currents.
The development of electrical properties in muscle in-
duced in vitro by activin is close to that of normal muscle
in many respects. First, the same currents (IK, IIR, INa, IA, ICa)
are expressed over a similar time course during muscle
differentiation. The sequence in which the currents are
expressed is also maintained, with IK and IIR being expressed v
Copyright © 1999 by Academic Press. All rightrst, followed by INa, IA, and ICa at slightly later stages. Both
the initial and the final densities of current expression are
also similar to those in normal muscle. There are, however,
some differences in the electrical development of the in-
duced muscle cells. One of the characteristics of both IIR
and IK developing in normal muscle is the occurrence of a
lateau in channel density for a few hours at a time when
he densities of both the sodium and the calcium currents
ontinue to increase (Linsdell and Moody, 1995). This
lateau delimits the activity-dependent later phase of IK
development and provides a period of potential increase in
spontaneous activity. In vitro-induced muscle does not
display a similar plateau of current densities for IK. Al-
hough IIR plateaus, it does so later and at a much higher
density than in normal muscle. The reason for these differ-
ences is unclear. Because final current densities (F146 h)
are identical in induced and normal myocytes, it seems
most likely that a change in relative timing of activity-
independent and -dependent phases of K current develop-
ment obscures the plateaus in induced muscle. Channel
misexpression and activity-block experiments (Linsdell and
Moody, 1994, 1995) in induced muscle should clarify this
issue.
The density and frequency of occurrence of calcium
current in induced muscle are lower than those in normal
developing muscle. The activity dependence of IK develop-
ment in normal muscle discussed above appears to act
through calcium influx as it can be blocked by the Ca-
channel blocker nifedipine (Linsdell and Moody, 1995). It is
quite possible that despite lower current density in induced
muscles sufficient calcium is entering induced cells to drive
these activity-dependent processes. In this study two rap-
idly activating calcium currents were present at F132 but
were not seen at later stages. In this light it is interesting
that during muscle development in rat and chick (Beam and
Knudson, 1988; Kano et al., 1989) fast calcium currents are
present at earlier stages but not in the mature muscle. The
large, fast activated, calcium current with an Imax at 120
V, which occurred in a small proportion of the cells, has
ot previously been described in myocytes; however, a
imilar current does occur in developing Xenopus neurons
Barish, 1991).
Sodium current density appears to be somewhat lower
han in normal muscle at early stages. This would not be
xpected to have any effect on IIR, as a total block of sodium
channels in control muscle (using tetrodotoxin) throughout
development has little effect on IIR. Total developmental
lock of INa in normal muscle does have an effect on IK,
esulting in lowered current density at some stages (Lins-
ell and Moody, 1995). There is no evidence for a similar
owering of IK density in induced muscles in this study,
indicating the possibility that although lower, INa density
evels are still sufficient to allow normal development.
Despite the above variations from current density in
ormal muscle the overall impression is one of the time
ourse of electrical development in induced muscle being
ery close to normal. Interestingly, induction with another
s of reproduction in any form reserved.
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49Ion Channels in Induced Muscleinducing agent TGFb2, induces muscle that also expresses
he appropriate complement of muscle nicotinic acetylcho-
ine receptor isoforms (Reuer et al., 1994).
The similarities to the endogenous pattern of channel
xpression are not limited to the channel types and densi-
ies but extend to the level of changes in the voltage
ependence of a specific subset of channels. The shift in the
ctivation of IK and the g/gmax curve between 26 and 48 h
irrors the 20-mV shift to more negative potentials seen
uring development of normal muscle (Linsdell and Moody,
995). It is also significant to note that the differentiation of
ppropriate channel expression is not simply restricted to
he myocytes that differentiate with normal morphology. A
omparison of the current densities at F146 h of bipolar and
pherical muscle cells reveals that although the absolute
alues of current density are reduced in the spherical cells,
hey are reduced by a similar amount. This would mean
hat the proportions of the different currents would remain
he same, conferring functional properties similar to those
n bipolar cells. This is in keeping with the immunohisto-
hemical results that show positive staining for the muscle-
pecific antibody 12/101 in such spherical cells (Fig. 4A).
hen somites from neurula-stage embryos are dissociated
nd cultured in vitro a proportion of the cells produced do
ot adhere well to the substrate, resulting in spherical
uscle cells (Chow and Poo, 1985).
Even at the earliest stages of development electrical
ctivity plays an important role in the development of
xcitable cells. In muscle spontaneous activity prior to
nnervation can affect later development of electrical prop-
rties (Linsdell and Moody, 1995; Dallman et al., 1998). In
he developing mammalian retina spontaneous activity
lays an important role in retinogeniculate axon pathfind-
ng (Shatz and Stryker, 1988). In Xenopus spinal neurons
isruption of spontaneous activity can disrupt changes in
hannel kinetics (Desarmenien and Spitzer, 1991), neuronal
orphology (Jones and Ribera, 1994), and transmitter ex-
ression (Spitzer et al., 1993). A better understanding of the
oles and mechanisms of control of spontaneous activity
herefore has important implications in the development of
eurons and muscle. Channel misexpression studies (Lins-
ell and Moody, 1994) demonstrate the capacity of myo-
ytes to regulate their endogenous pattern of channel ex-
ression at the initial stages of development prior to
eurulation, the first stage at which myocytes could be
dentified. Now that we have established that the normal
evelopmental program for in vitro-induced muscle is very
lose to that of normal muscle, the mechanism of regula-
ion of electrical development at the very earliest stages of
evelopment, from the moment of induction onward, can
e investigated. This can be achieved by using a concentra-
ion of activin that yields the highest proportion of muscle
nd a short exposure time (activin is effective only with a
0-min to 1-h exposure (Wilson and Melton, 1994, Green et
l., 1994), which will allow access to muscle cells from
tage 9–10 on, approximately 6 h prior to neurulation, the
Copyright © 1999 by Academic Press. All rightarliest time muscle can normally be identified for record-
ng.
Development of Dissociated Cells
In this study we recorded from differentiating single cells
which are not contacting other cells. However, other stud-
ies have indicated that cell contact plays a significant role
during induction and subsequent muscle cell differentia-
tion. Cell contact is required for the sharpening of cell
responses to activin (Green et al., 1994; Wilson and Melton,
1994) and is necessary to allow the community effect,
without which, in vivo, single induced mesodermal cells
ill not continue to differentiate into muscle (Gurdon,
988; Gurdon et al., 1992, 1993). It is possible that under
ur culture conditions cells could differentiate into muscle
n the absence of cell contact. Indeed, other in vitro studies
ave found that even isolated cells can sometimes form
uscle (Mitani and Okamoto, 1989). However, although
he cells in this study are plated out as single cells it is clear
hat even while they are being exposed to activin many of
hem begin to migrate small distances and adhere to one
nother; therefore the state of isolation at the time of
ecording is no indication of their past history of cell
ontact. It is probable that most, if not all, of such myocytes
ave been in contact with other cells at some point after
nduction, potentially allowing the community effect to
ccur.
Conclusion
Induction of animal cap Xenopus cells with the correct
dose of activin triggers a whole cascade of developmental
events, resulting in the differentiation of skeletal muscle.
One aspect of this developmental program is the expression
of an endogenous pattern of electrical development which
is in many respects strikingly similar to that of normal
muscle. The characterization described here gives further
confirmation of the capacity of activin to induce the de-
tailed developmental program of muscle. It seems likely
that the invariance of this endogenous pattern of muscle
electrical development represents the developmental im-
portance of the appropriate sequence of electrical develop-
ment. The significance of this pattern and its regulation can
now be further investigated by combining channel misex-
pression techniques with the in vitro induction protocol
described here.
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